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10 Abstract
11 Chromatography is the separation method of choice in most laboratories worldwide. 
12 Nonetheless, the increasing need to decode complex samples has created a demand for 
13 better separation skills. The addition of extra separation dimensions to a conventional 
14 liquid chromatography system was one of the ways to answer to this demand. Although 
15 very common in proteomics and polymer research, the use of Multidimensional Liquid 
16 Chromatography (MDLC) coupled to high-resolution detectors for separation and 
17 analysis of environmental and natural products samples has yet to receive the deserved 
18 attention. This article presents a critical review on the most prominent of these 
19 comprehensive MDLC methods for targeted and untargeted analysis of complex 
20 environmental and natural products samples. This article also discusses the practical 
21 aspects of applying peak capacity and orthogonality concepts in MDLC analysis of 
22 complex matrices. It also addresses the limitations and challenges ahead for advancing 
23 environmental and natural products research using comprehensive MDLC.
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32 1. Introduction
33 In laboratories worldwide, liquid chromatography (LC) methods, particularly those based 
34 on one-dimensional operation mode, are still the quintessential separation techniques. 
35 Depending on the detection method employed, significant information on the 
36 composition of analytes or eluting fractions can be achieved by using one-dimensional 
37 LC, 1D-LC (Figure 1). Even though these methods possess many advantages, they are 
38 still unable to fully resolve all the different co-eluting compounds in more complex 
39 matrixes, such as those of environmental and natural products samples.  In order to solve 
40 this issue, alternative separation methods with higher peak capacity based on 
41 multidimensional liquid chromatography (MDLC) systems have been shaped to resolve 
42 as many compounds as possible. Of these, those based on two-dimensional liquid 
43 chromatography (2D-LC) have been widely applied, with direct impact on the overall 
44 separation (Figure 1). Nevertheless, there are no obvious limitations to increase the 
45 dimensionality for three or more dimensions, except for the successive increasing dilution 
46 of the sample. As depicted in Figure 1, and regardless of the employed separation method, 
47 the chemical information extracted from the analytical process is always dependent upon 
48 the detectors used.
49 <FIGURE 1 here>
350 Multidimensional chromatography may seem a modern advancement in separation 
51 technology; nonetheless, it was first described in 1944 [1]. More than three decades later, 
52 the first comprehensive two-dimensional liquid chromatography (LC×LC) method was 
53 reported by Erni and Frei [2]. When compared to conventional 1D-LC, the addition of an 
54 extra separation dimension poses additional complexity that lead to new challenges, 
55 including the selection of suitable chromatographic stationary phases (i.e., separation 
56 mechanisms), compatibility of separation modes, mobile phases, detection techniques 
57 (i.e., detection sensitivity), as well as optimization of separation conditions, and data 
58 analysis (i.e., new algorithms for processing 2D chromatograms). The extensive research 
59 using 2D-LC has also resulted in a range of different terminologies, which justified the 
60 need to suggest proper and unambiguous nomenclature and symbols to facilitate 
61 communication between analysts [3]. Indeed, since the seminal work of Erni and Frei [2], 
62 2D-LC has emerged as a front-line tool for targeted analysis of samples of diverse 
63 complexity in a variety of areas. In this regard, readers interested in specific application 
64 areas are advised to consult the recent reviews, and references therein, on the use of 2D-
65 LC in biopharmaceutical analysis and lipidomics [4-6], Traditional Chinese Medicines 
66 [7], food analysis [8], proteomics [9], and polymer analysis [10]. In most of the existing 
67 research and review works, there has been a huge effort to streamline the applicability of 
68 2D-LC to efficiently and effectively resolve challenging complex samples. Recently, two 
69 excellent review works were published where a great deal of attention has been given to 
70 the fundamental principles [6] as well as technical progress, method development and 
71 optimization strategies [4], which are pivotal for the design of efficient 2D-LC separation 
72 approaches in the targeted analysis of complex samples. Although the present review may 
73 seem to overlap the review works of Stoll and Carr [6] and Pirok et al. [4] in a few topics 
74 (such as peak capacity and the use of 2D-LC in the analysis of Traditional Chinese 
475 Medicine, later discussed), there are still important gaps and a few caveats when using 
76 2D-LC, particularly LC×LC, for the comprehensive fingerprint of complex 
77 environmental and natural products samples. Under this scenario, to advance the frontiers 
78 of knowledge within this research field, it is mandatory to provide the scientific 
79 community with an up-to-date and critical assessment on the use of 2D-LC strategies 
80 coupled to high-resolution detectors for the separation, targeted and untargeted profiling 
81 of complex environmental and natural products samples. This review builds upon those 
82 earlier reviews and it aims to be an important guide for planning fit-for-purpose 2D-LC 
83 strategies within this research field. Due to space limitations, this is not an exhaustive 
84 review of previous studies using 2D-LC in environmental and natural products research, 
85 but instead it provides the scientific community with a new perspective on the benefits of 
86 using 2D-LC strategies for gaining new insights into the nature of those complex organic 
87 matrices. The final section of this review addresses the challenges ahead to strengthen 
88 and improve the current knowledge on the use of 2D-LC-based approaches online 
89 coupled to high-resolution detectors to resolve the heterogeneity and thus advance 
90 environmental and natural products research.
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92 1.1. Heart-cutting and comprehensive 2D-LC strategies: setting up the scene 
93 It is of common knowledge to chromatographers in many application areas that there are 
94 two main modes of operation in 2D-LC: heart-cutting and comprehensive [6]. Heart-
95 cutting 2D-LC, denoted in the literature as LC-LC, is a multidimensional methodology 
96 comprising two or more chromatographic columns connected by a switching valve, which 
97 ensures the selective and online transfer of specific fractions (e.g. a single peak, a specific 
98 time segment, a portion of a peak) from one to another column. The LC-LC methodology 
99 is especially suited for the separation of a limited number of target components since it 
5100 requires the definition of the collection time of the fractions, according to the elution 
101 times of the components of interest. Thus, the main advantage of this method is that after 
102 knowing the elution time of the components under study in the different columns, it 
103 becomes possible to optimize a procedure sufficiently selective to separate a given 
104 component independently of the complexity of the environmental matrix in which is 
105 embedded. However, this advantage turns out to be its major limitation: when either the 
106 components are unknown, or the standards required for the optimization process are not 
107 available, then the application of this method becomes impracticable. Consequently, this 
108 advantage/limitation makes this technique ideal for target analysis of a limited number of 
109 compounds instead of a global characterization of the sample, regardless of the detection 
110 system. This fact helps to understand the reason why this technique is associated to a low 
111 degree of completeness of chemical information when compared to 1D-LC-based 
112 techniques, as schematically shown in Figure 1. Besides, the selectivity of LC-LC limits 
113 the overall information that can be obtained from other components in the sample. This 
114 technique has been used in the last decades for the analysis of compounds present in 
115 biological and environmental samples at low concentrations, such as trace-level 
116 determination of low-molecular mass carbonyl compounds in air [11], determination of 
117 acidic pesticides in soils [12], determination of endocrine disrupting compounds in water 
118 [13] and determination of estrogens in sediments [14].
119 On the other hand, when the main objective is to carry out a non-targeted screening of a 
120 given sample, comprehensive MDLC, namely LC×LC, is a more adequate option. In 
121 order to attain a true comprehensive 2D separation, a few set of conditions must be 
122 fulfilled; 1) the whole sample must be subjected to two independent separation 
123 mechanisms within the same run; 2) the whole sample components passes through the 
124 detection system or at least in equal percentages that guarantees that the obtained 
6125 chromatogram is representative of the entire sample; and 3) the resolution attained in the 
126 first dimension should be kept (as much as possible) in the second dimension [15-17]. 
127 These three main criteria were defined by Giddings and are also generally accepted for 
128 LC×LC [15-17]. 
129 Since some detectors provide information that can be considered as “multidimensional”, 
130 as is the case of multichannel Mass Spectrometry (MSn) or Diode Array (DAD) detectors, 
131 few researchers may consider the detection step as an additional dimension. Nonetheless, 
132 in MDLC, when one refers to “dimensions”, usually it refers to “separation dimension” 
133 (e.g. separation columns). Although high degrees of orthogonality can be achieved in 
134 LC×LC by using suitable columns selectivities in the two dimensions (i.e., different 
135 retention mechanisms), the use of an additional dimension represented by the detection 
136 step may pose difficulties to retrieve useful information from the 2D chromatograms. 
137 Understandably, the use of an extra dimension leads to a more complex graphic 
138 representation of the acquired chromatographic data since these are typically represented 
139 as 2D contour plots or three-dimensional surfaces. This 2D chromatographic data 
140 typically contains a vast amount of information that needs to be further processed through 
141 different algorithms in order to be readily accessible to the analyst. In this field, three 
142 main approaches have been proposed to deal with LC×LC data structures [18]. In the first 
143 approach, data from the LC×LC is viewed as a set of consecutive one-dimensional 
144 chromatograms. These chromatograms are then treated individually, taking advantage of 
145 all the knowledge and large amount of software already available for data treatment in 
146 1D chromatography. The second approach consists in dealing directly with the data 
147 matrix, which requires knowledge and expertise on complex chemometric algorithms. 
148 This approach is especially suited to deal with three or higher order data structures, such 
149 as data derived from 2D chromatographic systems coupled to multichannel detectors (e.g. 
7150 MSn and DAD). Finally, the third approach, converts the 2D matrix data into an image 
151 and uses the high diversity of image processing algorithms and tools for data handling 
152 and treatment [18]. These different types treatment methods have been discussed in the 
153 literature in detail and we suggest the works of Matos et al. [18] and Pierce et al. [19] for 
154 the interested readers. It should also be mentioned that LC×LC coupled to high-resolution 
155 detectors is an analytical tool much more entwined with qualitative rather than 
156 quantitative analysis and, consequently, there are relatively few LC×LC studies in which 
157 quantitative analysis is discussed [20]. Although the use of LC×LC systems seem to be 
158 difficult by non-experts, the introduction of a commercial version of this equipment and 
159 the development of more “user-friendly” data processing and treatment software, are very 
160 likely to boost a growing interest for including these LC×LC techniques in laboratories 
161 in order to deal with the complexity of environmental and natural products samples.
162 It is also important to note that LC×LC can be carried out either in online or offline modes. 
163 In offline mode, sample is injected in a single conventional 1D-LC system, and fractions 
164 of the effluent are manually collected and injected, at a later time, into a 1D-LC system 
165 with a different separation column. As highlighted by Stoll and Carr [6], a couple of 
166 interesting features can be assigned to offline LC×LC approach: (i) it does not require 
167 very high speed separations in the second-dimension as in online LC×LC; (ii) the 2D 
168 separation could be carried out using a single 1D-LC instrument; and (iii) high peak 
169 capacities can be achieved, although at the cost of a high time of analysis. Nevertheless, 
170 offline LC×LC is considerably more prone to sample contamination and losses than 
171 online mode, which is of particular concern when dealing with complex samples, such as 
172 those of environmental and natural products samples. Online LC×LC, on the other hand, 
173 is much more technically challenging than its offline counterpart because it generally 
174 requires the use of an automated switching system (e.g., a 6, 8 or 10-port valve), which 
8175 interfaces the first and second dimension columns, and collects fractions of first-
176 dimension effluent and injects them into the second-dimension column. Indeed, most of 
177 the efforts and progress achieved in LC×LC research field, have been devoted towards 
178 the development of adequate interfaces (modulator) between the two separation 
179 dimensions. The modulation interface is really the center piece for a successful LC×LC 
180 separation, in parallel to the challenge of combining two solvent systems in order to 
181 prevent detrimental effects of first-dimension effluent into the second-dimension 
182 separation. We refer interested readers to Pirok et al. [4] work for further details on 
183 modulation and solvent compatibility issues. It is not surprising that automation offered 
184 by online LC×LC systems leads to more accurate, reproductive, repeatable 2D 
185 separations, being also less labor intensive than the offline mode. This is of particular 
186 interest for environmental and natural products research, since online LC×LC coupled to 
187 high-resolution multichannel detectors offers new opportunities to effectively and 
188 efficiently profile and map the entire sample, whose complexity is very difficult to 
189 address using 1D-LC or LC-LC. 
190
191
192 2. Targeted versus untargeted analysis: finding the best separation conditions 
193 LC×LC is adaptable to both targeted and untargeted analysis, but there are significantly 
194 different characteristics between both types of analysis. The concepts of peak capacity 
195 and orthogonality, that will be discussed later in more detail, are much more important in 
196 untargeted analysis than in targeted analysis. Targeted analysis aims at identifying some 
197 known compounds or confirming their presence in a sample. This type of analysis 
198 requires some pre-knowledge of the physicochemical properties of the compounds to be 
199 identified, thus meaning that it is confined to a relatively small number of well-studied 
9200 compounds. Since this type of analysis is very selective, and the compounds of interest 
201 are known, the chromatographic conditions can easily be optimized using standard 
202 solutions. Targeted analysis thus becomes very useful in environmental studies and 
203 attempts to find the best separation conditions is usually focused in increasing the 
204 sensitivity and selectivity of the analytical method to quantitively determine the analytes 
205 of interest. Untargeted analysis, on the other hand, is a non-selective search aiming at the 
206 identification of unknown components in a sample. In principle, this procedure is carried 
207 out without any a priori knowledge and information on the compounds to be identified. 
208 As highlighted by Matos et al. [21], it is impossible to achieve a complete untargeted 
209 analysis in chromatography, because all the choices made in terms of experimental 
210 conditions (e.g. the selection of stationary phases, the gradient and composition of mobile 
211 phases, and the detectors used) will be restricted to the scope of the analytical work as 
212 well as the range of properties associated to the compounds that can be separated and 
213 detected. Thus, finding the best separation conditions in untargeted analysis usually aims 
214 to increase the number of compounds that can be successfully detected and identified. 
215 Taking into account these constrains, the untargeted analysis can be further classified into 
216 two groups, depending on the analytical challenge or environmental problem to be solved: 
217 “fully untargeted” (now on referred just as untargeted), where there can be a vast number 
218 of unknown analytes present in the sample; and “semi-targeted”, where some specific 
219 classes of compounds or some analytes are expected to be found [22]. Obviously, this 
220 classification between “fully untargeted” and “semi-targeted” must be kept in mind when 
221 developing new analytical LC×LC procedures to address a given problem. 
222 Tables 1 and 2 summarize some important examples of LC×LC applications for the 
223 analysis of environmental and natural products samples from an untargeted and semi-
224 targeted perspective, respectively. As shown in Table 1, the most common untargeted 
10
225 LC×LC application is the profiling of natural products in plant extracts, particularly those 
226 used in Traditional Chinese Medicine (e.g. ginseng and other plants extracts). This is due 
227 to the complexity of these samples, encompassing hundreds or thousands of constituents 
228 with very different properties, and possibly with synergistic effects, where the quality 
229 control of these samples is a demanding issue [23]. When addressing the samples of 
230 interest from a semi-targeted point of view (in Table 2), LC×LC is commonly applied 
231 into the separation, with subsequent determination, of phenolic and polyphenolic 
232 compounds, also in natural products. Although there is great potential to apply LC×LC 
233 to environmental samples, this area has not developed that much at this point in time. 
234 Online LC×LC coupled to MS detector has been used for semi-targeted analysis of 
235 wastewater samples, allowing the identification of 23 to 65 compounds, including 
236 analgesics such as Paracetamol and Tramadol, herbicides Diuron and Monuron, 
237 Benzotriazole a known Corrosion inhibitor, and antidepressants such as Venlafaxine and 
238 Sertraline (references [24] and [25] in Table 2). LC×LC coupled to three detectors in 
239 series [UV, fluorescence detector (FLD), and evaporative light-scattering detector 
240 (ELSD)] was also applied to resolve the chemical heterogeneity of Suwannee River fulvic 
241 acid standard material and Pony Lake fulvic acid reference material (reference [26] in 
242 Table 2). Due to the complex nature of these samples, incompletely resolved fractions 
243 were still portrayed. Nevertheless, in cases where samples separation was accomplished 
244 (hydrophobicity × molecular weight), it was concluded that smaller molecular weight 
245 group fractions seem to be related to a more hydrophobic nature. Following this seminal 
246 work with complex natural organic matter, online LC×LC coupled to either a DAD and 
247 FLD in series [27], or a single DAD [21] was applied to exploit the compositional changes 
248 over a molecular size continuum and associated light-absorption properties of chemically 
249 distinct pools of urban organic air particles [i.e., water-soluble organic matter (WSOM) 
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250 and alkaline-soluble organic matter (ASOM)]. The results obtained in these two later 
251 studies highlight the potential of MLDC techniques, namely of online LC×LC coupled to 
252 high resolution detectors, for unravelling the complexity of the substructures present in 
253 complex environmental organic matrices. This fact constitutes a huge advantage in 
254 comparison to the traditional 1D-LC. Moreover, even if one tries to replicate these results 
255 using only 1D-LC techniques, this would need at least several chromatographic analysis 
256 and tedious procedures for collection of fractions. 
257 <TABLE 1 here>
258 <TABLE 2 here>
259 In any chromatographic method, the optimization of the separation conditions is crucial, 
260 and LC×LC is no exception. Considerable efforts must be devoted in finding the best 
261 LC×LC separation conditions because there are many different factors that can 
262 significantly influence the final peak capacity. Selection of mobile phase composition in 
263 both dimensions and their respective compatibility and flow rates, the type of switching 
264 valve and the volume of the sampling loop, as well as selection of a fit-for-purpose 
265 detection system, are important factors to have in mind when developing a LC×LC-based 
266 method. Nonetheless, the most important factor when designing a LC×LC method is 
267 arguably the selection of the separation mechanisms (i.e., columns) to be employed in 
268 both dimensions, taking into account the analytical problem to be answered and whether 
269 the selected separation mechanisms are distinct from each other, but compatible at the 
270 same time. If successful in reaching this condition, enhanced orthogonality and peak 
271 capacity will be achieved. In this regard, the analytical problem to be solved plays in fact 
272 an important role in column selection. If dealing with a targeted analysis, the 
273 orthogonality is not a crucial outcome of the LC×LC procedure. The separation columns 
274 in both dimensions can share the same separation mechanisms, as long as they are 
12
275 successful in answering the scientific question set a priori. In targeted analysis, there is 
276 only a few sets of compounds of interest, and a small difference between stationary phases 
277 can be enough to reach the desired separation. On the other hand, in semi-targeted and 
278 untargeted analysis, the scenario is completely different, and the train of thought must be 
279 necessarily different. 
280 In the case of semi-targeted analysis, where the main purpose typically encompasses 
281 studying different sets of classes of compounds, it is important to take into account the 
282 structure of these analytes. For instance, if the compounds of interest all have low polarity, 
283 then it would be a wise choice to use a reversed-phase LC (RPLC) column in one of the 
284 dimensions, instead of a normal-phase LC (NPLC) column or even a hydrophilic 
285 interaction chromatography (HILIC) column (which can behave as a RPLC or NPLC, 
286 depending on mobile phase composition). Furthermore, the use of a RPLC×RPLC system 
287 can be suitable for the separation of some specific classes of compounds, such as phenolic 
288 compounds in Rooibos plants and Cocoa (references [28, 29], in Table 2), as long as the 
289 two stationary phases have different properties (e.g. different particle size, composition 
290 or different bonded phase). Other clear orthogonal combinations might be more difficult 
291 to accomplish, such as HILIC×SEC, SCX×RPLC, and NPLC×RPLC, due to possible 
292 mobile phase incompatibility. However, HILIC×SEC was already successfully used for 
293 resolving and profiling the chemical heterogeneity of natural organic matter from aquatic 
294 [26] and atmospheric matrices [21], whereas SCX×RPLC was employed for separation 
295 of low-molar-mass organic acids in different matrices [30] (Table 2). NPLC×RPLC is 
296 perhaps the least likely practical combination in terms of mobile phase compatibility, 
297 although exhibiting a high orthogonality from a theoretical point of view. As shown in 
298 Table 2, NPLC×RPLC has been applied for the separation of carotenoids [31, 32] 
299 (reported theoretical peak capacities of 651 and 986 [32]), and phenolic and stevioside 
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300 compounds [33] [reported peak capacities of 1850 (practical) and 3468 (theoretical)]. 
301 This NPLC×RPLC combination was only possible because the first-dimension 
302 encompassed columns either exhibiting characteristic features of HILIC systems (acting 
303 as NPLC) [33], or cyano microbore columns that offer normal-phase separations [31, 32].
304 On the other hand, if the desired type of analysis is untargeted, then using a RPLC×RPLC 
305 would probably not be enough to achieve the best orthogonality and peak capacity. 
306 However, the most common combinations in terms of separation mechanisms in natural 
307 products and environmental research is RPLC×RPLC, as shown in Table 1. In an 
308 untargeted analysis, it is questionable at first whether the combination of two or more 
309 RPLC columns, that would probably have similar separation characteristics, will yield a 
310 high orthogonality and peak capacity. Similar concerns are also valid when dealing with 
311 combination of any other stationary phases that separate compounds by 
312 polarity/hydrophobicity, such as HILIC, RPLC, and NPLC. Nonetheless, if aiming to 
313 achieve the maximum orthogonality with these sort of columns, then the separation 
314 conditions of the selected columns must be as much uncorrelated as possible. As shown 
315 in Table 1, this premise was successfully accomplished in the untargeted analysis of 
316 natural products [34-37] and household dust and laundry dryer lint [38] using 
317 RPLC×RPLC, where the reported orthogonality were as high as 93%. However, an 
318 interesting NPLC×RPLC combination is also noteworthy in the untargeted analysis of a 
319 traditional Chinese medicine [39] (Table 1). A silica column was chosen for NPLC in the 
320 first-dimension, and water-soluble non-polar 1,4-dioxane was selected as mobile phase 
321 modifier in NPLC. As a result, 876 peaks were detected, and the total peak capacity 
322 reached 1740 [39]. Since NPLC is suitable for group separation, and RPLC exhibits high 
323 resolution for less polar compounds, the potential of NPLC×RPLC combination for the 
324 analysis of complex environmental samples is enormous and should be further explored.
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325 3.  Updating and trends in peak capacity and orthogonality
326 The main point behind the use of two (or more) separation columns on a chromatographic 
327 system is to increase the maximum number of well resolved peaks, thus increasing the 
328 number of compounds that can be separated and further identified in a single 
329 chromatographic run. To accomplish this goal in LC×LC, a careful selection of the best 
330 combination of separations columns must be made. As discussed in Section 2, if the 
331 separation mechanisms in each chromatographic dimension are too similar, no significant 
332 advantage will be gained by using more than one dimension, mostly because the 
333 separation achieved with just one dimension will be basically the same, or lower in the 
334 following dimensions. In such situations, it may be better to use the conventional 1D-LC 
335 system, since there will be no loss of sensitivity caused by dilution of analytes in the 
336 following second or third chromatographic dimension. Accordingly, the ideal possible 
337 combination of columns should be those with completely uncorrelated separation 
338 mechanisms. 
339 Full orthogonality is theoretically achieved if the separation mechanisms in all 
340 chromatographic dimensions are completely independent from each other [40]. In 
341 LC×LC, orthogonality varies between 0 and 100%, where 100% means that full 
342 orthogonality has been achieved [41]. In practice, however, it is very difficult to achieve 
343 full orthogonality in LC×LC, because this depends not only  on the separation 
344 mechanisms in use, but also on the best separation conditions (e.g., mobile phase 
345 composition and flow rates) and samples characteristics [42]. In this regard, even the 
346 combination of two completely different separation mechanisms, such as SEC×RPLC, 
347 can show some correlation [42]. If we consider the concept of orthogonality in a more 
348 “visual” way, then a chromatogram where peaks are more disperse in the 2D space is 
349 considered to be more orthogonal compared to a situation where peaks are placed closer 
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350 to the diagonal of the 2D chromatogram (Figures 2A and 2F, respectively). It should be 
351 also noted that orthogonality is a concept specific of each sample. Two distinct separation 
352 columns that present high orthogonality for one given sample may not be adequate for 
353 achieving an orthogonal separation of other samples. Therefore, chromatographic 
354 separation conditions should be extensively studied in order to ensure a successful 
355 separation outcome. Figure 2 illustrate possible consequences of a poor choice of column 
356 combinations in LC×LC. Although exhibiting low correlation coefficient between the two 
357 separation columns, second-dimension column in chromatograms B and C represents two 
358 situations of an excessive and low interaction, respectively, between the analytes and the 
359 stationary phase, which is not desirable for successful LC×LC separations. The same is 
360 true in chromatograms D and E, where a poor choice of the first-dimension separation 
361 column has a similar effect on the LC×LC separations.
362 <FIGURE 2 here>
363 When orthogonality is estimated, the value refers to the degree of separation of all 
364 analytes in one specific sample. In fact, if samples are too different, it is difficult to carry 
365 out a straightforward comparison of the orthogonality achieved. For example, if the 
366 sample preparation step discards the polar compounds, then orthogonality obtained using 
367 the common RPLC×RPLC system will be much higher than it would be if the polar 
368 compounds had not been removed. The use of a standard mixture of dozens or even 
369 hundreds of different compounds, with very distinct characteristics (e.g., molecular size, 
370 polarity, structure) should be a more reliable way to estimate an “universal orthogonality” 
371 for a given LC×LC system. The concept of peak capacity was defined by Giddings, in 
372 1969, as “the upper limit of resolvable components for a given technique under prescribed 
373 conditions” [43]. In LC×LC, it is generally accepted that the theoretical peak capacity is 
374 simply the product of individual peak capacities in each dimension [17]. Obviously, the 
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375 theoretical peak capacity value represents the “best case scenario”. For example, it 
376 implies that no undersampling phenomena occurs and the resolution attained in one 
377 dimension is never lost in the subsequent dimension. Nonetheless, the process of sample 
378 transfer, from the first- to the second-dimension, will always lead to some resolution loss. 
379 Furthermore, even though peak capacity should be seen as a noteworthy way to measure 
380 the success of a separation process, we should also keep in mind that evenly spaced peaks 
381 in a 2D chromatogram are extremely unlikely to be found in any real samples. 
382 Interestingly, it has been shown that the number of well resolved peaks, in a given sample, 
383 is unlikely to be higher than 18% of  total peak capacity of a LC×LC system [44]. As a 
384 consequence, the concepts of effective and practical peak capacity were developed as 
385 criteria to more accurately estimate the maximum number of peaks that can be effectively 
386 separated in a single 2D chromatographic run. The process of calculating the effective 
387 peak capacity is relatively simple. Briefly, a correction factor due to undersampling 
388 phenomena is applied to the theoretical peak capacity value, which will lead to a more 
389 realistic value for the effective peak capacity [45]. On the other hand, the concept of 
390 practical peak capacity is a bit more complex. As aforementioned, in LC×LC, it is almost 
391 impossible to achieve full orthogonality; therefore, by definition, in a 2D chromatogram 
392 there will exist always some areas that will never be occupied by any peak. This will 
393 obviously lead to a decrease in the available 2D chromatographic area where peaks can 
394 be separated, which will yield a practical peak capacity lower than the theoretical peak 
395 capacity [40]. 
396 The concepts of orthogonality and theoretical peak capacity, as well as those of practical 
397 and effective peak capacity, are important notions to have in mind when finding the best 
398 chromatographic conditions for implementing a LC×LC method. If the objective of 
399 studying new combinations of separation mechanisms in LC×LC is that they can be later 
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400 applied in profiling real complex samples, thus a good way these different LC×LC 
401 methods can be compared is through those metrics. Obviously, these metrics should not 
402 be the only criteria for comparing and optimizing different LC×LC methods; 
403 nevertheless, the orthogonality and theoretical peak capacity should both be estimated in 
404 any LC×LC method development. Unfortunately, these metrics are not often reported in 
405 the literature [46], although in the last years some good examples of orthogonality and 
406 theoretical, effective and practical peak capacity have been described, particularly in the 
407 field of Chinese herbal medicine screening [35-37] (Table 1). 
408
409
410 4. Finding the best detection conditions
411 In conventional 1D-LC, when a large number of analytes is present in a given sample, 
412 their identification based on the comparison with a mixture of standard compounds is no 
413 longer a feasible option. The coupling of chromatographic methods with a MS detector 
414 is an excellent way to overcome this situation and attain the desired analytes 
415 identification. Generally, studies summarized in Tables 1 and 2 employ as detection the 
416 UV absorbance (either DAD or single UV wavelength), MS, or both detectors in series, 
417 with the exception of two studies on natural organic matter that also use fluorescence and 
418 evaporative light scattering detectors (Table 2) [26, 27]. Although a more comprehensive 
419 identification of the analytes is overwhelmingly more frequent using MS, this does not 
420 mean that the use of any other type of detector becomes pointless. It is possible to obtain 
421 rather important information with the use of a DAD detector, since chromophores present 
422 in a sample may have distinct absorption maxima that can be used to differentiate between 
423 different molecules exhibiting similar m/z values in a MS detector [47]. 
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424 Hence, in LC×LC, the use of a MS detector is rather common, and an enhanced separation 
425 before the MS detection has various advantages when compared to 1D-LC-MS. Some of 
426 these advantages include the reduction of matrix effects resulting from coeluting analytes 
427 due to the increased separation power of the LC×LC system, increased ionization 
428 efficiency and minimization of ion suppression [16]. On the other hand, the coupling of 
429 a MS detector to a LC×LC system is not as straightforward as in 1D-LC and some specific 
430 modifications have to be made. In  LC×LC-MS, the mobile phase constituents, 
431 particularly in the second-dimension, must be volatile in order to be compatible with the 
432 MS source [16]. Thus, the second-dimension separation column must be compatible with 
433 mobile phases whose composition includes high percentage of organic solvents, such as 
434 methanol or acetonitrile, and volatile additives, such ammonium acetate and formic acid. 
435 In this regard, NPLC columns, or any other column that does not meet these requirements, 
436 can hardly be used as the last separation dimension before the MS detector. 
437 Notwithstanding this situation, the work developed by P. Dugo’s research group is an 
438 excellent example of the use of NPLC in the first-dimension combined with RPLC in the 
439 second-dimension, and an MS as detector [31, 32, 48] [].
440 Another important requirement when coupling LC×LC to a MS detector is the sampling 
441 rate. It has been demonstrated by Murphy and co-workers [49], that the sampling rate of 
442 the first-dimension effluent has a significant influence on the resolution achieved in the 
443 second-dimension, suggesting that each peak in the first-dimension should be sampled at 
444 least three times. Therefore, the flow rate in the second-dimension is typically much 
445 higher than those used in the first-dimension. The extremely high flow rates in the second-
446 dimension (up to 5 mL min-1) are completely incompatible with any sort of MS detection. 
447 In the case of electrospray ionization (ESI), the maximum flow rate can be, at most, 1 mL 
448 min-1, whereas in atmospheric-pressure chemical ionization (APCI) mode the maximum 
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449 flow rate is 2 mL min-1. In practice, however, these flow rate values should be much lower 
450 than the maximum values allowed [25, 50].The most common way to solve this issue in 
451 LC×LC-MS is to use a flow splitter before the MS detector. This solution will allow the 
452 detection of the analytes in the MS but will also greatly decrease the sensitivity of the 
453 method. A more sophisticated response to this problem is the miniaturization of the entire 
454 LC×LC system, which is more common in proteomics, but has also been successfully 
455 employed by Haun and co-workers in wastewater analysis [25] (Table 2). The main 
456 objective of this specific study was the construction of a miniaturized 2D-LC system, 
457 coupled to a Quadrupole/Time-of-Flight Mass Spectrometric detection, for wastewater 
458 profiling without the need to split the flow [25]. To decrease the time of analysis in the 
459 second-dimension, high pressure and temperature conditions as well as a stationary phase 
460 of superficially porous sub-3-µm were employed. The miniaturization of the LC×LC 
461 system leads also to much lower solvent consumption. Using a standard mixture of 99 
462 target compounds, the miniaturized LC×LC-MS system allowed the detection and 
463 identification of 65 standard compounds in the wastewater samples. Despite the obvious 
464 advantages over other LC×LC-MS systems, the work of Haun et al. [25] exhibits a real 
465 possibility of an excessive decrease in system sensitivity when compared to a 1D-LC-MS 
466 system, due to the dilution effect in the second-dimension separation. It should also be 
467 taken into account that MS identification does not strictly require a complete 
468 chromatographic separation of the analytes. To assess these points, another work, using 
469 the same miniaturized LC×LC-MS system, was later published, with the objective of 
470 comparing its sensitivity to that of a conventional 1D-LC-MS system in the analysis of 
471 wastewater samples [24]. It was reported that the absolute intensity of the signal in the 
472 LC×LC-MS system was ten times lower of that of the 1D-LC-MS system. However, this 
473 difference only led to a small decrease in sensitivity because the signal-to-noise ratio was 
20
474 only around 1.5 times lower when using the miniaturized LC×LC-MS. It was also 
475 reported that the number of identified compounds was always higher in the miniaturized 
476 LC×LC-MS system. Nevertheless, the main problem with miniaturization of the LC×LC-
477 MS system is probably its cost due to the use of expensive nanoLC pumps. However, the 
478 simple decrease of the mobile phase flow rate in the second-dimension, to the range of 
479 1-2 mL min-1, should have beneficial effects. Even if this means that a flow splitter is still 
480 necessary, at least the second-dimension effluent does not have to be split as much as in 
481 other LC×LC-MS systems, which will lead to better results in terms of sensitivity.
482
483
484 5. Conclusions
485 Over the past 10-15 years, the emergence of more effective systems and analytical 
486 methodologies based on online LC×LC separations has become a clear trend in natural 
487 products research. Surprisingly, and despite the advent of LC×LC-based methods, the use 
488 of LC×LC methods is yet to be fully exploited in environmental research. The importance 
489 of these methods is not only associated with the separation of the sample components, but 
490 also with the rapidly evolving field of analytical instrumentation which has produced 
491 more sophisticated detectors capable of providing a higher discrimination power. It is 
492 clear from a vast assortment of studies in the literature that the use of hyphenated 1D-LC 
493 methods (e.g. LC–MS and LC–NMR, Figure 1) has been able to provide new insights on 
494 the compositional features of highly complex samples, a know-how which was 
495 unforeseeable not long ago. However, the continuous development and use of MDLC, 
496 namely online LC×LC, has shown the potential to provide deeper and more complete 
497 knowledge into the structural complexity of environmental and natural products samples, 
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498 despite several technological challenges that still needs to be overcome to attain its full 
499 capability.
500 Most environmental and natural products studies using LC×LC-MS as analytical 
501 technique have focused either on screening or identification of a small sets of compounds 
502 (i.e., in untargeted and semi-targeted analysis, respectively). The use of LC×LC in 
503 environmental research has also focused on the global characterization of samples for 
504 achieving a heuristic understanding of the complex structural nature and 
505 interrelationships between different components within the samples. Therefore, it is with 
506 no surprise that major improvements in the stationary phase technology in both LC 
507 dimensions aiming at reaching orthogonality are still required, namely for acquiring a 
508 better understanding of the interactions that occur between the samples’ components and 
509 the stationary phase. As a further step, it is necessary to reduce or even eliminate the 
510 confounding effects due to these interactions occurring in the chromatographic analysis. 
511 This step will be particularly challenging, but it will be mandatory for the identification 
512 of the interactions that really occur within the environmental and natural products 
513 samples. Without a clear idea of the mechanisms that occur in the separation process, it 
514 will never be possible to assess the complexity of an environmental or natural product 
515 sample, simply because the decoding of the complexity of such samples cannot be 
516 accomplished following a separation process equally complex. Nevertheless, if able to 
517 solve these methodological challenges, LC×LC-based methods can be a promising tool 
518 for advancing environmental research and achieve a deeper level of knowledge within 
519 this field.
520
521
522
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747 FIGURES CAPTIONS
748
749 Figure 1. Schematic representation of the range of LC-based techniques currently 
750 employed in environmental and natural products research as a function of 
751 their separation power and completeness of chemical information achieved. 
752 Acronyms: LC – one-dimensional liquid chromatography; LC-LC – two-
753 dimensional heart-cutting LC; LC×LC – two-dimensional comprehensive 
754 LC; UV – ultraviolet detector; FLD – fluorescence detector; DAD – diode 
755 array detector; MSn – mass spectrometry detector; NMR – nuclear magnetic 
756 resonance spectroscopy.
757
758 Figure 2. Schematic representation of LC×LC separations, exhibiting different levels 
759 of orthogonality (A, B, C, D, and E) and very low orthogonality (F). 
760 1D = first-dimension, 2D = second-dimension.
761
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1
D
:1
0
m
M
 A
m
m
o
n
iu
m
 A
ce
ta
te
 S
o
lu
ti
o
n
 a
t 
1
 m
L
/m
in
; 
2
D
: 
H
2
O
 a
n
d
 A
ce
to
n
it
ri
le
 a
t 
3
 m
L
/m
in
;
[5
1
]
R
ed
 W
in
e
S
am
p
le
 p
ro
fi
li
n
g
W
A
X
×
R
P
L
C
D
A
D
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
5
0
 m
M
 P
h
o
sp
h
at
e 
b
u
ff
er
 w
it
h
 2
5
%
 M
et
h
an
o
l,
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0
 
µ
L
/m
in
; 
2
D
: 
5
0
 m
M
 P
h
o
sp
h
at
e 
b
u
ff
er
 w
it
h
 2
5
%
 M
et
h
an
o
l,
 3
 
m
L
/m
in
;
[3
0
]
R
o
o
ts
 o
f 
P
u
er
a
ri
a
 
lo
b
a
ta
 a
n
d
 
P
u
er
a
ri
a
 
th
o
m
so
n
ii
S
am
p
le
 p
ro
fi
li
n
g
R
P
L
C
×
R
P
L
C
D
A
D
 a
n
d
 M
S
E
x
tr
a
ct
io
n
 M
et
h
o
d
: 
U
lt
ra
so
u
n
d
 a
ss
is
te
d
 e
x
tr
ac
ti
o
n
 w
it
h
 M
et
h
an
o
l;
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
M
et
h
an
o
l 
an
d
 F
o
rm
ic
 A
ci
d
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.1
%
 a
t 
1
0
0
µ
L
/m
in
; 
2
D
: 
A
ce
to
n
it
ri
le
 a
n
d
 F
o
rm
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 A
ci
d
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.1
%
 a
t 
2
.5
 m
L
/m
in
;
T
h
eo
re
ti
ca
l 
P
ea
k
 C
a
p
a
ci
ty
: 
3
2
4
5
 
E
ff
ec
ti
v
e 
P
ea
k
 C
a
p
a
ci
ty
: 
6
7
7
P
ra
ct
ic
a
l 
P
ea
k
 C
a
p
a
ci
ty
: 
1
5
9
3
O
rt
h
o
g
o
n
a
li
ty
: 
6
8
.5
%
A
d
d
it
io
n
a
l 
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rm
a
ti
o
n
: 
h
ea
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-c
u
tt
in
g
 m
et
h
o
d
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 a
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o
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se
d
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o
r 
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m
p
le
 c
h
ar
ac
te
ri
za
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o
n
.
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6
]
S
ew
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e 
tr
ea
tm
en
t 
p
la
n
t 
ef
fl
u
en
ts
2
0
 c
o
m
p
o
u
n
d
s
R
P
L
C
×
R
P
L
C
U
V
 (
2
9
0
 n
m
) 
an
d
 M
S
E
x
tr
a
ct
io
n
 M
et
h
o
d
: 
S
o
x
h
le
t 
w
it
h
 A
ce
to
n
e 
an
d
 M
et
h
an
o
l;
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
H
2
O
 a
n
d
 A
ce
to
n
it
ri
le
; 
1
0
0
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L
/m
in
; 2
D
: 
F
o
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A
ci
d
 0
.1
%
 a
n
d
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n
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 w
it
h
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.1
%
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f 
F
o
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 A
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d
 a
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m
L
/m
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;
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]
7
7
0
3
3
7
7
1
T
a
b
le
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.
C
o
n
t.
S
a
m
p
le
A
n
a
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s
C
o
lu
m
n
 S
et
D
et
ec
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o
n
O
b
se
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a
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o
n
s
R
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en
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H
o
u
se
h
o
ld
 d
u
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an
d
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n
d
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 d
ry
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li
n
t
P
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iz
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m
e 
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an
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p
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ci
d
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d
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g
 m
et
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o
li
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s
R
P
L
C
×
R
P
L
C
M
S
E
x
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a
ct
io
n
 M
et
h
o
d
: 
U
lt
ra
so
u
n
d
 a
ss
is
te
d
 e
x
tr
ac
ti
o
n
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it
h
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h
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o
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M
o
b
il
e 
p
h
a
se
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1
D
: 
H
2
O
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d
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n
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o
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A
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d
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o
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o
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 d
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L
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n
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 d
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 l
in
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]
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h
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m
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ic
in
e 
fo
rm
u
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2
8
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 c
o
m
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o
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s
R
P
L
C
×
R
P
L
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V
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7
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m
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d
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S
E
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a
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n
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d
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n
d
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d
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tr
ac
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n
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o
b
il
e 
p
h
a
se
: 
1
D
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d
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L
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A
m
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n
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m
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y
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1
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m
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m
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0
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L
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T
h
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 C
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p
a
ci
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2
7
6
3
E
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v
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P
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k
 C
a
p
a
ci
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: 
7
1
0
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P
ra
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a
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P
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k
 C
a
p
a
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1
6
2
8
O
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h
o
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n
a
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8
4
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%
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7
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g
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S
h
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g
m
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T
C
M
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2
8
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 c
o
m
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u
n
d
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h
en
o
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c 
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n
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n
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g
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)
R
P
L
C
×
R
P
L
C
U
V
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2
8
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m
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d
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S
E
x
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a
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n
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o
d
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U
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o
b
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1
D
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F
o
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d
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.1
%
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n
d
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h
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F
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w
it
h
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%
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o
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2
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L
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;
E
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e 
P
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 C
a
p
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ci
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1
1
2
3
C
o
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a
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n
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o
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ci
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t 
o
f 
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 c
o
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n
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1
4
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]
C
u
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a 
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u
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u
m
a
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a
n
g
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1
0
5
 c
o
m
p
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u
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s
R
P
L
C
×
R
P
L
C
D
A
D
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d
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S
E
x
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a
ct
io
n
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h
o
d
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S
o
li
d
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u
id
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x
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o
n
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h
 M
et
h
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o
b
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h
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1
D
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A
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n
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d
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o
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d
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.1
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0
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L
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2
D
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A
ce
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n
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n
d
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o
rm
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 A
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d
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.1
%
 a
t 
0
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n
d
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 m
L
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;
T
h
eo
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l 
P
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k
 C
a
p
a
ci
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: 
1
8
2
5
E
ff
ec
ti
v
e 
P
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k
 C
a
p
a
ci
ty
: 
4
3
0
P
ra
ct
ic
a
l 
P
ea
k
 C
a
p
a
ci
ty
: 
1
4
1
6
O
rt
h
o
g
o
n
a
li
ty
: 
9
3
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%
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5
]
7
7
2
7
7
3
3
4
7
7
4
T
a
b
le
 3
.
C
o
n
t.
S
a
m
p
le
A
n
a
ly
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s
C
o
lu
m
n
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et
D
et
ec
ti
o
n
O
b
se
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a
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n
s
R
ef
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ce
L
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u
o
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rr
h
iz
a
 
g
la
b
ra
)
1
2
0
 c
o
m
p
o
u
n
d
s 
w
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e 
d
et
ec
te
d
 3
7
 w
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e 
id
en
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ed
R
P
L
C
×
R
P
L
C
D
A
D
 a
n
d
 M
S
E
x
tr
a
ct
io
n
 M
et
h
o
d
: 
U
lt
ra
so
u
n
d
 a
ss
is
te
d
 e
x
tr
ac
ti
o
n
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it
h
 E
th
an
o
l 
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d
 
H
2
O
;
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
A
ce
ti
c 
A
ci
d
 0
.1
%
 a
n
d
 A
ce
to
n
it
ri
le
 w
it
h
 0
.1
%
 
A
ce
ti
c 
 A
ci
d
 a
t 
1
0
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L
/m
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;2
D
: 
A
ce
ti
c 
A
ci
d
 0
.1
%
 a
n
d
 A
ce
to
n
it
ri
le
 
w
it
h
 0
.1
%
 A
ce
ti
c 
A
ci
d
, 
fl
o
w
 n
o
t 
sp
ec
if
ie
d
; 
A
d
d
it
io
n
a
l 
In
fo
rm
a
ti
o
n
: 
M
u
lt
i-
se
g
m
en
te
d
 s
h
if
t 
g
ra
d
ie
n
ts
 (
M
S
G
) 
an
d
 F
u
ll
 i
n
-f
ra
ct
io
n
 m
o
d
es
 w
er
e 
co
m
p
ar
ed
 (
F
IF
).
 
T
h
eo
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ca
l 
P
ea
k
 C
a
p
a
ci
ty
: 
1
2
1
9
 (
M
S
G
) 
an
d
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5
4
 (
F
IF
)
P
ra
ct
ic
a
l 
P
ea
k
 C
a
p
a
ci
ty
: 
6
9
5
 (
M
S
G
) 
an
d
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6
0
 (
F
IF
)
O
rt
h
o
g
o
n
a
li
ty
: 
9
2
 (
M
S
G
) 
an
d
 5
0
%
 (
F
IF
)
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3
]
E
x
tr
ac
ts
 o
f 
H
o
p
 
co
n
es
 a
n
d
 
p
el
le
ts
 
(H
u
m
u
lu
s 
lu
p
u
lu
s)
8
3
 c
o
m
p
o
u
n
d
s 
w
er
e 
id
en
ti
fi
ed
 u
si
n
g
 t
h
e 
2
D
-L
C
 
m
et
h
o
d
R
P
L
C
×
R
P
L
C
D
A
D
 a
n
d
 M
S
E
x
tr
a
ct
io
n
 M
et
h
o
d
: 
S
o
li
d
-l
iq
u
id
 e
x
tr
ac
ti
o
n
 w
it
h
 n
-H
ex
an
e;
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
1
0
 m
M
 A
m
m
o
n
iu
m
 A
ce
ta
te
 (
p
H
 a
d
ju
st
ed
 t
o
 9
.0
 
w
it
h
 A
m
m
o
n
iu
m
 H
y
d
ro
x
id
e)
 a
n
d
 A
ce
to
n
it
ri
le
 a
t 
3
0
 µ
L
/m
in
; 2
D
: 
A
ce
ti
c 
A
ci
d
 0
.1
%
 a
n
d
 A
ce
to
n
it
ri
le
 w
it
h
 0
.1
5
 A
ce
ti
c 
A
ci
d
 a
t 
2
.2
 
m
L
/m
in
;
T
h
eo
re
ti
ca
l 
P
ea
k
 C
a
p
a
ci
ty
: 
2
4
1
8
E
ff
ec
ti
v
e 
P
ea
k
 C
a
p
a
ci
ty
: 
7
5
6
P
ra
ct
ic
a
l 
P
ea
k
 C
a
p
a
ci
ty
: 
1
4
7
8
[5
4
]
7
7
5
7
7
6
7
7
7
7
7
8
7
7
9
7
8
0
7
8
1
3
5
7
8
2
T
a
b
le
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.
E
x
am
p
le
s 
o
f 
L
C
×
L
C
 a
p
p
li
ca
ti
o
n
s 
fo
r 
se
m
i-
ta
rg
et
ed
 a
n
al
y
si
s 
o
f 
en
v
ir
o
n
m
en
ta
l 
an
d
 n
at
u
ra
l 
p
ro
d
u
ct
s 
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m
p
le
s.
 R
P
L
C
 =
 R
ev
er
se
d
-p
h
as
e 
7
8
3
li
q
u
id
 
ch
ro
m
at
o
g
ra
p
h
y
 
co
lu
m
n
, 
N
P
L
C
 
=
 
N
o
rm
al
-p
h
as
e 
li
q
u
id
 
ch
ro
m
at
o
g
ra
p
h
y
 
co
lu
m
n
, 
H
IL
IC
 
=
 
H
y
d
ro
p
h
il
ic
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te
ra
ct
io
n
 
7
8
4
ch
ro
m
at
o
g
ra
p
h
y
 c
o
lu
m
n
, 
S
E
C
 =
 s
iz
e-
ex
cl
u
si
o
n
 c
h
ro
m
at
o
g
ra
p
h
y
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o
lu
m
n
, 
S
C
X
 =
 s
tr
o
n
g
 c
at
io
n
-e
x
ch
an
g
e 
ch
ro
m
at
o
g
ra
p
h
y
 c
o
lu
m
n
, 
7
8
5
M
S
 =
 M
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s 
S
p
ec
tr
o
m
et
ry
, 
F
L
D
 =
 F
lu
o
re
sc
en
ce
 d
et
ec
to
r;
 E
L
S
D
 =
 E
v
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o
ra
ti
v
e 
li
g
h
t 
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at
te
ri
n
g
 d
et
ec
to
r.
 
S
a
m
p
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A
n
a
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s
C
o
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m
n
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D
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o
n
O
b
se
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a
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o
n
s
R
ef
er
en
ce
W
h
it
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an
d
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g
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n
g
s
G
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n
o
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s
H
IL
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×
R
P
L
C
M
S
E
x
tr
a
ct
io
n
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et
h
o
d
: 
U
lt
ra
so
u
n
d
 a
ss
is
te
d
 e
x
tr
ac
ti
o
n
 w
it
h
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et
h
an
o
l;
M
o
b
il
e 
p
h
a
se
: 
1
D
: 
1
0
 m
M
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m
m
o
n
iu
m
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o
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at
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w
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h
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%
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o
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A
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d
 a
n
d
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n
it
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h
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o
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 A
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d
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1
5
0
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L
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2
D
: 
F
o
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ci
d
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.2
%
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n
d
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to
n
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, 
0
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L
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in
;
A
d
d
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n
a
l 
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a
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o
n
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O
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P
L
C
 c
o
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m
n
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d
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m
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E
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v
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P
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k
 C
a
p
a
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4
3
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O
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h
o
g
o
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5
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%
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5
]
A
n
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n
e
S
u
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h
o
n
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g
o
n
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d
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o
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o
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P
L
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P
L
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D
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S
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o
b
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H
2
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n
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d
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2
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w
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in
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H
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n
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9
0
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w
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.1
%
 F
o
rm
ic
 A
ci
d
 a
n
d
 
H
2
O
/A
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h
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n
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W
in
e,
 G
ra
p
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o
o
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o
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a
P
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P
L
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o
b
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o
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o
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b
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b
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 p
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s
H
IL
IC
×
R
P
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